Epidermal growth factor (EGF) receptor (EGFR) overexpression is a hallmark of many cancers. EGFR endocytosis is a critical step in signal attenuation, raising the question of how receptor expression levels affect the internalization process. Here we combined quantitative experimental and mathematical modeling approaches to investigate the role of the EGFR expression level on the rate of receptor internalization. Using tetramethylrhodamine-labeled EGF, we established assays for quantifying EGF-triggered EGFR internalization by both high resolution confocal microscopy and flow cytometry. We determined that the flow cytometry approach was more sensitive for examining large populations of cells. Mathematical modeling was used to investigate the relationship between EGF internalization kinetics, EGFR expression, and internalization machinery. We predicted that the standard parameter used to assess internalization kinetics, the temporal evolution r(t) of the ratio of internalized versus surface-located ligand⅐receptor complexes, does not describe a straight line, as proposed previously. Instead, a convex or concave curve occurs depending on whether initial receptor numbers or internalization adaptors are limiting the uptake reaction, respectively. To test model predictions, we measured EGF-EGFR binding and internalization in cells expressing different levels of green fluorescent protein-EGFR. As expected, surface binding of rhodaminelabeled EGF increased with green fluorescent protein-EGFR expression level. Unexpectedly, internalization of ligand⅐ receptor complexes increased linearly with increasing receptor expression level, suggesting that receptors and not internalization adaptors were limiting the uptake in our experimental model. Finally, determining the ratio of internalized versus surface-located ligand⅐receptor complexes for this cell line confirmed that it follows a convex curve, supporting our model predictions.
The epidermal growth factor receptor (EGFR) 3 belongs to the family of transmembrane receptor tyrosine kinases and mediates diverse actions, including proliferation, differentiation, and apoptosis (1, 2) . Overexpression and/or mutations of the EGFR occur in ϳ40% of neoblastomas (3) and correlate with poor prognosis (4 -6) . Unstimulated EGFR is located at the plasma membrane as a monomer and pre-formed dimer (7) . Upon ligand binding, EGFR forms a dimer, and trans-phosphorylation occurs at specific residues of the cytoplasmic domain (8) . Phosphorylated EGFR recruits adaptor proteins from which different conserved signaling pathways are activated, namely the MAPK (9), phosphatidylinositol 3-kinase, and protein kinase C pathways (10) .
Furthermore, activated EGFR recruits various adaptor proteins that mediate receptor internalization by endocytosis (2) . Endocytosis occurs via the recruitment of adaptor proteins to phosphorylated tyrosine residues of the receptor and formation of membrane invaginations, which eventually pinch off to form internalized early endosomes (2, 11) (see Fig. 1 ). Both constitutive endocytosis and ligand-induced EGFR endocytosis are critical events in EGF signal regulation (2, 12) . Endosomal EGFR can be transited back to the plasma membrane or to the late endosome/lysosome for degradation (2) . As the majority of internalized receptors are targeted for lysosomal degradation upon EGF stimulation (13) , endocytic entry of active EGFR is a crucial step for signal attenuation, which is also highlighted by the findings that impaired or delayed internalization is highly oncogenic (14, 15) .
In light of the role of endocytosis in EGFR signal attenuation and the oncogenicity of EGFR overexpression, it is important to elucidate the relationship between high receptor expression levels relative to internalization pathway capacity and their effect on internalization dynamics.
Mathematical modeling is an important tool in elucidating EGFR signaling, at the level of EGFR internalization (16 -19) and, more recently, at the level of the integration of input signals into signaling events downstream of the EGFR, such as the MAPK cascade (20, 21) . In earlier models, pioneering concepts such as the nonlinearity of the uptake reaction, because of the existence of alternative pathways that are entered with different affinities, were developed (16, 19) . Also, the notion of saturability of the EGFR endocytosis system, in contrast to internalization of the transferrin receptor, for example, was introduced (18) .
Importantly, in mathematical formulations of EGFR endocytosis, the standard parameter used to estimate the rate of the internalization step (16) and to assess the effect of certain perturbations on internalization (22) (23) (24) is the temporal evolution of the ratio of internalized versus surface-located ligand⅐receptor complexes r(t). In Refs. 16, 17, it was mathematically determined that, under certain assumptions, this ratio describes a straight line with the slope corresponding to the rate of the internalization step. These assumptions were as follows: (i) that the number of surface-bound ligand⅐receptor complexes (RE s ) remains approximately constant during the measurements, and (ii) that the internalization step is a first-order process, i.e. it is directly proportional to RE s and independent of a potentially limiting availability of internalization adaptors.
The presence of multiple endocytotic routes (23, 25) and different EGFR affinities for EGF (26) argue against first-order kinetics. Moreover, the possible limited capacity of internalization adaptors may restrict EGFR internalization in cells expressing abnormally high numbers of EGFR (18) . In this work we investigated the potential of EGFR internalization to occur as a nonlinear process by combining mathematical modeling with novel quantitative, live cell measurements of EGF internalization.
We extended the previous derivation of the ratio of internalized versus surface-located ligand⅐receptor complexes r(t) (16, 17, 19) by eliminating above assumptions i and ii, which allowed us to investigate in silico different scenarios for the shape of r(t) as a function of the relative concentrations of EGFR and internalization adaptors. We predicted that r(t) is not a straight line as derived previously but is a convex or concave curve depending on whether receptors or internalization components are limiting the reaction, respectively.
In earlier studies, quantitative measurements of parameters of EGFR endocytosis have been performed using classical biochemical techniques to detect cellular ligand uptake using radioactively labeled EGF (16, 24, 27) or biotin-labeled EGF (28) . Importantly, both methods do not reach single cell precision and instead yield an integrated signal over a population of cells. To test our mathematical predictions we combined the following: (i) quantitative laser scanning confocal microscopy, and (ii) multiple parametric flow cytometry, using a custom Beckman Coulter FC500 equipped with a 488 and 561 nm laser excitation, to quantitatively measure the temporal and spatial dynamics of EGFR endocytosis using tetramethylrhodaminetagged EGF (Rh-EGF) and GFP-EGFR. We show that both quantitative imaging and flow cytometry measurements were highly sensitive, allowing for live cell investigations and confirmation of the mathematical predictions.
MATERIALS AND METHODS

Cells
HeLa cells were kept in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum. HaCat cells were stably transfected with GFP-EGFR and were kept in Dulbecco's modified Eagle's medium with 10% fetal calf serum plus 0.5 mg/ml G418. Prior to EGF treatment, cells were kept in serumfree (starvation) medium for 12 h.
Flow Cytometry
Tetramethylrhodamine-EGF (Rh-EGF) was purchased from Invitrogen. To measure surface binding using flow cytometry, cells were stimulated with Rh-EGF on ice for 1 h, then washed with PBS, followed by trypsinization and resuspension in full medium. For internalization studies, ligand was added directly to the starvation medium at the indicated concentration, followed by washing with acid-stripping buffer (50 mM glycine, 150 mM NaCl, pH 3.0), trypsinization, and resuspension in full medium.
Samples were measured on a modified flow cytometer, FC500/MPL (Beckman Coulter). The standard argon-ion laser (488 nm/20 milliwatts; Cyonics) was removed, and a Sapphire 488-nm/20-milliwatt laser and a Compass 561-nm/40-milliwatt laser (both Coherent Inc.) were installed on the mounting platform. Lasers were aligned co-linearly.
Microscopy and Image Analysis
Fixed or living cells were imaged on a confocal laser scanning microscope TCS SP5 (Leica Microsystems, Wetzlar, Germany) using a 63ϫ oil immersion objective. A helium/neon ( 543 nm ) laser was used for excitation of Rhodamine. Living cells were imaged in imaging medium (Dulbecco's modified Eagle's medium without phenyl red). For fixation, cells were washed in PBS once, fixed in 4% paraformaldehyde for 10 min on ice, and then returned to PBS for imaging. To quantify rhodamine-EGF signal (Fig. 2B) , the sum of pixel values was calculated from the raw images. For this, an ImageJ plugin was written that is available upon request. For normalization and comparability with flow cytometry data, the average pixel value obtained at each time point was divided by the maximal signal obtained at 30 min of stimulation. Fig. 1 ).
Differential Equations
Deriving r(t) for
We thus consider Reaction 2,
whose dynamics are given by Equation 6 , With ()Ј denoting the first derivative, we thus have Equation 10,
and further Equation 11 ,
See under "Results" interpretation. (Fig. 4) were performed using MATLAB, and script files are available upon request.
Simulations-Simulations
RESULTS
The following experiments were performed in the cervical cancer HeLa cell line, a cell culture model expressing abundant EGFR and that is well established for studying the various modes of endocytosis and their role in EGFR signaling (29, 30) . Initial experiments were aimed at comparing the dynamics of EGF interaction with EGFR detected by high content (high res-olution laser scanning confocal microscopy) and high sample size (flow cytometry) approaches.
Detection of Rh-EGF Binding and Internalization by Laser Scanning Confocal
Microscopy-We first observed Rh-EGF internalization by confocal microscopy ( Fig. 2A) . HeLa cells were stimulated with 100 ng/ml Rh-EGF at 37°C for various times and subjected to live cell imaging. Fig. 2A shows the spatial and temporal response of Rh-EGF binding and internalization. At 2 min, the majority of Rh-EGF was located at the cell surface, with few small vesicles apparent within the cell. As incubation time increased, the amount of surfacelocated Rh-EGF decreased, and instead an increased number of vesicles, larger in size, were located within the cell, with localization shifting toward the perinuclear region. The increase in size is likely because of vesicle fusion processes along the endocytic route (30) . The temporal evolution of cellular Rh-EGF was subsequently quantified from imaging data (Fig. 2B ). HeLa cells were paraformaldehyde-fixed at the indicated time points after Rh-EGF stimulation, and 30 cells were imaged. The sum of pixel values of the Rh-EGF channel was normalized to its maximal value (time point 30 min). Plotting the normalized Rh-EGF signal revealed the temporal evolution of Rh-EGF binding and uptake (Fig. 2B) . The resulting plot and imaging data indicate an initial Rh-EGF-EGFR binding phase (Յ2 min), where the majority of fluorescence signal is due to surface-bound and not yet internalized Rh-EGF. After this, the signal increases only modestly, to reach its maximal value by 30 min. The phase from 10 to 30 min is characterized by a translocation of bound Rh-EGF into the cell interior rather than continued binding, as indicated by the stagnation of fluorescence signal at 10 min. FIGURE 2. Confocal microscopy and flow cytometric detection of Rh-EGF to study EGFR internalization dynamics. A, HeLa cells were stimulated with 100 ng/ml rhodamine-EGF at 37°C for the indicated time points and imaged using confocal microscopy. Image acquisition was carried out as described under "Materials and Methods." Scale bar 5 m. B, quantification of EGFR endocytosis from confocal microscopy. HeLa cells were treated as in A and paraformaldehyde-fixed prior to imaging. At each time point of stimulation, ϳ30 cells were imaged, and pixel intensity was divided by the maximal value, obtained after 30 min of stimulation (n ϭ 3 with 30 cells each, error bars denote standard deviation). C, HeLa cells were stimulated with 100 ng/ml Rh-EGF for 10 min at 37°C and subjected to flow cytometry using excitation either at 488 nm (left) or 561 nm (right). Histograms of unstimulated sample are shown in gray, and the ratio of the mean of stimulated and unstimulated sample is given. D, comparison between detection of endocytosis by confocal microscopy (gray, same as in B) and flow cytometry (red). For flow cytometry, HeLa cells were treated with 100 ng/ml rhodamine-EGF for the indicated times at 37°C, washed with PBS, trypsinized, and subjected to flow cytometry (FC) using the 561-nm laser as excitation source. Plotted is the mean fluorescence value divided by the maximal value, obtained at 30 min of stimulation. At each data point, 10,000 cells were measured.
Detection of Rh-EGF Binding and Internalization by Flow
Cytometry-Although microscopy is an excellent method to observe the process of endocytosis in detail, sample size is small due to the requirement for high resolution images. Thus, we sought to increase sample size by using flow cytometry. Flow cytometry has been used previously to study EGFR endocytosis using GFP-fused EGF (31), labeled Quantum dots (32), or polyplexes (33) with a standard 488 nm laser as excitation source.
Tetramethylrhodamine conjugate ( ex ϭ 555) is widely used in confocal microscopy (23, 34, 35) but has not been applied in flow cytometry because of the unavailability of appropriate laser lines. We tested the suitability of flow cytometric detection of Rh-EGF using a custom Beckman Coulter FC500 equipped with a DPSS laser emitting at 561 nm. We first compared the fluorescence intensity measurements obtained from 488 or 561 nm laser excitation of Rh-EGF. HeLa cells were treated with 100 ng/ml Rh-EGF for 20 min at 37°C, washed in PBS, trypsinized, and then resuspended in medium for measurements. Fig. 2C shows that, as expected from the excitation spectra of rhodamine, the signal-to-noise ratio improved with excitation at 561 nm, demonstrating its suitability for detecting EGF⅐EGFR complexes by flow cytometry.
We then sought to determine the temporal evolution of Rh-EGF binding and uptake. HeLa cells were incubated with 100 ng/ml Rh-EGF for different times at 37°C and analyzed by flow cytometry. To determine the accuracy of our flow cytometry measurements, we compared them to the quantitative measurements obtained by confocal microscopy. Plotting the normalized Rh-EGF signal revealed an excellent agreement between these two different single cell techniques (Fig. 2D) . Notably, for flow cytometry, 10,000 cells were measured per condition, whereas for microscopy, for each time point 30 cells were evaluated. Importantly, although the overall shape of the two curves match, the standard deviations are significantly reduced for flow cytometry, demonstrating the value of sampling higher numbers of cells. Overall, these results demonstrate that 561-nm excitation of Rh-EGF provides a sensitive tool for detecting EGF-EGFR interactions by flow cytometry.
Distinguishing EGF-EGFR Binding at the Plasma Membrane and EGF-EGFR Internalization-The process of receptor endocytosis begins with a ligand binding event and is followed, on a slower time scale, by binding of the ligand⅐receptor complex to internalization adaptors, vesicle formation, and the actual internalization of the vesicles (cf. Fig. 1) (11, 36) .
We sought to determine the suitability of flow cytometric detection of Rh-EGF to discriminate between surface-bound versus internalized complexes. To do so, cells can be treated with a low pH buffer to remove surface-bound but not internalized labeled EGF (2) .
The efficiency of the acid-induced dissociation of EGF was verified using microscopy ( Fig. 3A) . Here, cells were treated with 100 ng/ml Rh-EGF for 2 min at 37°C to allow for formation of EGF⅐EGFR complexes on the cell surface (11, 23) . Then cells were washed with PBS (Fig. 3A, left) or acid buffer (Fig. 3A, right) and then returned to 37°C for 15 min to allow for internalization prior to imaging. Fig. 3A demonstrates that the acid wash effectively removed all surface-bound Rh-EGF, as in the acid-treated cells no EGF vesicles were detected.
To determine the time course of internalization via flow cytometry, HeLa cells were treated with 100 ng/ml Rh-EGF for different times, then washed with an acid buffer (solid line) or PBS (dashed line) prior to trypsinization, and subjected to flow cytometry (Fig. 3B) . We observed a significant difference between the Rh-EGF signal for the acid-treated versus PBS-treated cells for short stimulation times. This difference in fluorescence intensity was highest at early time points (Յ5 min) and corresponds to surface-bound, not yet internalized Rh-EGF. These values can be used to estimate the fraction of receptors still localized on the membrane. For longer incubation times (Ն10 min), the two curves coincided, meaning that all fluorescence detected corresponded to Rh-EGF⅐EGFR complexes that were already internalized. This time line of events is in qualitative agreement with observations using different methods and cell types (18, (22) (23) (24) . These results demonstrate the sensitivity of our measurements and the ability to distinguish the temporal evolution of surface-bound versus internalized EGF by flow cytometric detection of Rh-EGF.
Quantitative Prediction of EGF Uptake Dynamics for Different Receptor Expression Levels-Mathematical modeling combined with high content, quantitative data collection can yield nonintuitive understanding of the complexity of signaling pathways in the living cell. For the EGFR numerous models have been developed that focus on signal transduction (reviewed in Refs. [37] [38] [39] ), yet little focus has been given to understanding new concepts in EGFR endocytosis. Moreover, it is unclear how EGFR overexpression relative to internalization capacity influences the endocytosis process.
In the following we investigated the relationship between receptor number and endocytic capacity by mathematical modeling, and we subsequently tested our predictions using the quantitative methodologies detailed above.
To quantitatively evaluate the internalization reaction, and in particular to assess the effect of certain perturbations on internalization, typically the temporal evolution of the ratio of internalized versus surface-associated ligand is monitored (22) (23) (24) . The ratio r(t) is found experimentally by determining the fractions of internalized (labeled) ligand as well as the fraction still associated with the membrane using the acid-stripping technique described earlier at different time points of stimulation and then calculating the ratio (22) (23) (24) .
We asked the following. What would a mathematical model predict for the temporal evolution of r(t) for different receptor expression levels and what can be concluded from its form?
Deriving r(t) as a First-order Process-Typically, the experimental data of the ratio of internalized versus surface-associated ligand r(t) is approximated by a straight line (16, 22, 23) with the slope corresponding to the rate of internalization k e (cf. Fig. 1 ). Indeed, in Ref. 16 it was mathematically determined that r(t) describes a straight line with slope k e , where two main assumptions were posed in the mathematical analysis, namely the following: (i) that the number of surface-bound ligand receptor complexes RE s remains approximately constant during measurement, and (ii) that the internalization acts like a first-order process, i.e. that it is a function only of the number of membrane-bound ligand⅐receptor complexes and is independent of the presence of any internalization components such as adaptor proteins of the endocytosis pathways (16) . Effectively, the Reaction 3 was considered,
with RE s ϵ constant ϭ: RE s , and RE s and R i denoting fractions of surface-bound or internalized ligand⅐receptor complexes, respectively (cf. Fig. 1 ). Reaction 3 is described by Equation 12 , (16, 17) . Note that for the analytical treatment, it is assumed that the ligand binding reaction occurs instantaneously. This simplification is justified because the ligand binding reaction happens on a much faster time scale than the internalization reaction (16) . We adapt this procedure in the following and show later in simulations that the qualitative results are not affected by this simplification.
Deriving r(t) for Nonconstant RE s and Presence of Internalization Component-We extended the above described theoretical derivation of r(t) to include the effect of a potentially limiting availability of internalization adaptors relative to different expression levels of EGFR and considered Reaction 4,
Here, IC stands for a pool of internalization components to which surface-bound ligand⅐receptor complexes RE s have to bind before internalization (see Fig. 1 ).
We hereby relax assumption (i): We consider nonconstant RE s , as well as assumption (ii): We include the binding to endocytosis adaptors IC prior to internalization. Note that again the ligand-binding reaction is assumed to occur instantaneously, so that the initial value of surface-bound ligand RE s 0 immediately assumes the minimum value of initially available receptors and number of EGF molecules, RE s 0 ϭ min{R 0 , EGF 0 } (Generally, X 0 denotes the initial value of the variable X). Because we are interested in deriving a prediction for different receptor numbers relative to internalization capacity, we consider experimental situations where EGF stimulation is not limiting, so that EGF 0 Ͼ Ͼ R 0 . In this case the initial number of surface-bound ligand⅐receptor complexes RE s 0 is given by the number of available receptors at the beginning of the reaction R 0 .
The dynamics of Reaction 4 are given by Equation 13 ,
We consider the temporal evolution of the ratio of internalized versus surface-bound ligand r(t) ϭ (R i (t)/(RE s (t). As shown above, using Reaction 3, assuming constant RE s as well as independence of internalization adaptors, it was derived that r(t) describes a straight line. Applying Reaction 4 instead, we can see what a model without these two assumptions predicts for r(t) for different relative initial values of receptors or internalization adaptors. To decide whether r(t) is a convex or concave function, depending on whether receptors or internalization adaptors IC are limiting, we consider its second derivative, which is given by Equations 14 and 15 (see under "Materials and Methods"),
where
Analysis of EGFR Internalization for Altered Receptor Levels
Observe that k e ⅐RE s 0 Ͼ 0 and (RE s (t)Ј)/(RE s (t) 2 ) Ͻ 0, because RE s (t)Ј is always negative. The sign of r(t)Љ thus depends on (RE s 0 Ϫ IC 0 ), and r(t) will be a convex function if RE s 0 Ͻ IC 0 (receptors are limiting) or concave if RE s 0 Ͼ IC 0 (internalization adaptors are limiting).
Our analysis still holds if the ligand-binding reaction is included, so that Reaction 5 is achieved
(see "Materials and Methods" for equations), as shown in Fig. 4 . Fig. 4A shows simulations for the two cases that either receptors are limiting (R 0 Ͻ IC 0 blue) or internalization adaptors are limiting (R 0 Ͼ IC 0 , green) using the full model, including the ligand binding reaction as described by Reaction 5. As derived analytically assuming instantaneous ligand binding (Reac- (Fig. 4A, dashed It can be seen that qualitatively the simulations agree with our measurements of HeLa cells treated with either PBS only or the acid wash (cf. Fig. 4B , dashed or solid line, respectively), demonstrating that the model is able to capture the kinetics of the internalization process. The exact shape of the model simulations depends on parameter values chosen, see Fig. 4B legend or parameters used in Fig. 4 .
Internalization Dynamics for Cells with Different Receptor Expression Levels-To test our model predictions, we obtained HaCat cells stably expressing GFP-EGFR to study EGF internalization dynamics in subpopulations expressing different relative numbers of receptors. Fig. 5A shows a scatter plot of GFP signal of these HaCat cells. Different GFP signal strengths correspond to different expression levels of GFP-EGFR. Based on this scatter plot we gated cells into three groups of GFP signals as follows: red marks the subpopulation of cells expressing the least amount, blue expressing medium amount, and green the one expressing the most GFP-EGFR (see Fig. 5A ). This classification of cells was then adopted for the following experiments. Importantly, cells from different subpopulations of receptor expression were considered to exhibit similar abundance levels of internalization adaptors.
We first sought to test whether the flow cytometric detection was sensitive enough to detect differences in Rh-EGF surface binding between cells expressing different levels of EGFR. For this, we stimulated HaCat cells with different amounts of Rh-EGF on ice for 1 h, after which cells were washed with PBS and subjected to flow cytometry. Stimulation on ice allows surface binding but not internalization (23) . Fig. 5B shows that for saturating Rh-EGF concentrations (Ն200 ng/ml), indeed cells expressing more GFP-EGFR (green) bind more Rh-EGF at their surface than cells expressing less GFP-EGFR (red). This positive correlation between the rhodamine and GFP signal was not because of a bleed through effect, as it was not observed for no or low (1, 10 ng/ml) stimulation (Fig. 5B) . This result demonstrates the sensitivity of our measurements.
In the previous section we derived that the ratio of internalized versus surface-located ligand⅐receptor complexes r(t) ‫؍‬ (RE i )/(RE s ) is a convex or concave curve depending on whether receptors or internalization adaptors are limiting the EGF internalization, respectively. To judge which of these two sets of initial conditions is true in the HaCat cell line and arrive at a prediction for the shape of r(t), we analyzed Rh-EGF internalization in cells with different receptor expression levels. Rh-EGF surface binding as shown in Fig.  5B depends only on the number of EGF receptors integrated in the membrane. Internalization, however, also depends on the presence of internalization components, and thus it was not obvious whether we would observe a correlation between rhodamine and GFP signal. HaCat cells were stimulated with 200 ng/ml Rh-EGF for different times, treated with acid buffer, and subjected to flow cytometry to detect internalization (Fig. 5C ). Using the same classification of GFP signal as in Fig. 5A , we found that uptake of Rh-EGF increased linearly with GFP-EGFR expression level at all time points measured (Fig. 5C ). From this we conclude that in our HaCat cell line receptor number and not internalization components are limiting the uptake that is R 0 Ͻ IC 0 . According to the analysis in the previous section, we predict that the ratio of internalized versus surface-located ligand⅐receptor complexes r(t) ‫؍‬ (R i )/(RE s ) is a convex curve with the one for cells with higher GFP-EGFR values lying below the one with lower GFP-EGFR (cf. Fig. 4A ). We directly tested this prediction by determining the ratio of internalized versus surface-bound ligand⅐receptor complex for 2, 5, 10, and 20 min of Rh-EGF stimulation using the acid-wash protocol (cf. Fig. 3 ). Fig. 6 shows the results of the flow cytometry measurements. As predicted, r(t) describes a convex curve. Furthermore, we see that for cells expressing more GFP-EGFR (green, solid), r(t) lies below the curve for cells expressing less GFP-EGFR (red, dashed line), as predicted by the model (cf. Fig. 4A ).
DISCUSSION
In this study we utilized confocal microscopy and flow cytometry to determine the sensitivity and suitability of using rhodamine-coupled EGF for quantifying EGF-EGFR internalization kinetics (cf. Fig. 2D ). We extended a previously developed mathematical model of the internalization process by including the existence of a potentially limiting set of internalization adaptors. From the model we derived that the ratio of internalized versus surface-bound ligand receptor complex r(t) FIGURE 5 . Two-color flow cytometry reveals linear relationship between EGFR expression level and EGF uptake. A, scatter plot for HaCat cells expressing GFP-EGFR. GFP signal intensities were gated onto define three subpopulations of low (red), medium (blue), and high (green) GFP-EGFR-expressing cells. B, Rh-EGF binding for HaCat cells expressing low (red) or high (green) GFP-EGFR levels, as defined in A. Cells were stimulated with the indicated Rh-EGF concentrations on ice for 1 h, washed with PBS, and subjected to flow cytometry. C, Rh-EGF internalization was determined for the three subpopulations of cells defined in A for the indicated period of stimulation. Cells were stimulated with 200 ng/ml Rh-EGF for the indicated times at 37°C and washed with acid buffer. Rhodamine and GFP fluorescence intensity were determined by flow cytometry. Shown is Rh-EGF uptake plotted as a function of GFP-EGFR expression level, for the different time points of stimulation.
does not describe a straight line, but instead a convex or concave function depending on whether receptors or internalization adaptors limit the uptake process, respectively. We tested our predictions on a HaCat cell line with varied EGFR but similar adaptor expression levels and showed that r(t) followed a convex curve as predicted from our model (cf. Fig. 4A and Fig.  6 ). These findings support our mathematical assumptions and predictions and highlight the precision of the flow cytometric measurements.
The two principal tools for single cell measurements in cell biology are high resolution fluorescence microscopy and flow cytometry. Fluorescence microscopy, using either fluorochrome-or GFP-tagged EGF, EGFR, or quantum dots, has been applied at many different levels to study the dynamics of EGFR endocytosis (23, 40) . Dye (e.g. rhodamine)-labeled EGF can be combined with GFP-tagged EGFR to observe spatial and temporal dynamics of endocytosis and endosomal trafficking. However, most applications have been qualitative, reporting qualitative/subjective co-localization or internalization results (23, 40, 41) . Several studies have applied quantitative image analysis demonstrating the ability to obtain statistically significant quantitative data (42) . However, these findings are statistically limited in that only small populations of cells were analyzed, which leads to high standard deviations (cf. Fig. 2D ). Furthermore, quantification of imaging data involves pre-processing of the images such as background reduction and segmentation, processes during which quantitative information of the original image is lost.
In this study we have tested the suitability of flow cytometry to study kinetics of EGFR endocytosis using Rh-EGF on a Beckman-Coulter Flow 500/MPL equipped with a Compass 561 nm/40-milliwatt laser. An improved fluorochrome to autofluorescence ratio over standard 488-nm excitation was shown as well as agreement to data obtained by confocal microscopy (cf. Fig. 2 ). Although flow cytometry has been previously applied to studying EGFR endocytosis, these studies were either restricted to single color studies (31) (32) (33) or were performed with a single laser line together with postacquisition compensation.
One of the main advantages of using flow cytometry to study EGFR endocytosis dynamics is that it yields single cell data, as opposed to traditional methods such as using radioactively (24, 27) or biotin-labeled EGF (28) . This property allows the study of single cell characteristics within an otherwise homogeneous cell population. Furthermore, to our knowledge, this is the first study to make use of the newly available 561-nm laser lines for flow cytometry (43, 44) . This laser line, with an excitation close to the optimum for many low molecular markers in the yellowred range ("fruit basket" (45)), holds promise to be applied in multicolor studies in the future.
The analysis presented in this paper describes a systems biology approach where we refined an existing model of EGFR endocytosis to include the effect of altered receptor expression levels on internalization kinetics. The use of advanced quantitative approaches allows for investigation of the validity of both model assumptions and predictions.
The value of such systems biology approaches, with a combination of mathematical predictions and reproducible high content single cell methods to assess the role of different members of the endocytosis machinery, is highlighted by the fact that EGFR signal specificity and strength vary along the endocytic route (46) . Furthermore, various mutations of the EGFR, which potentially affect proper internalization, are associated with different types of cancer (1, 14, 15) .
Moreover, our approach may be extendable to other EGFR members. The ERBB2 oncogene in particular is overexpressed in almost 25% of breast cancers and is linked to poor prognosis/ survival (47) , specifically at high ERBB2 expression levels associated with surface expression. EGFR-ErbB2 heterodimerization enhances EGF binding (via lower off-rate (48)), reduces endocytosis (49) , and increases recycling (50) . Consequent prolonged signaling (51) results in enhanced proliferation and migration. Thus, a clinically relevant application of the combined experimental and computational approach described here would be to quantitatively address the concentration-dependent effect of ErbB2 on EGFR internalization and recycling dynamics in breast cancer lines.
Although the phenomena of EGFR endocytosis are very well described on a qualitative level, there are still controversies at the quantitative level; it is, for example, unclear to what degree alternative internalization pathways (clathrin-dependent versus clathrin-independent endocytosis) are active under different conditions, such as time after induction or EGF concentration used (23, 25) . Furthermore, the role of receptor modifications such as mono-ubiquitination as an internalization signal is not yet resolved. Although some reports suggest that mono-ubiquitination is sufficient to induce internalization of the EGFR (23, 40) , others argue against its role as an internalization signal (52) . In this light, the method presented here as a combination of quantitative, high throughput flow cytometry and mathematical modeling offers an excellent system to investigate the role of endocytic proteins using single cell techniques such as RNA interference.
